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The Crystal Structure of the First Enzyme in the
Pantothenate Biosynthetic Pathway, Ketopantoate
Hydroxymethyltransferase, from M. tuberculosis
Pantothenic acid is a building block for coenzyme A,
the acyl group-carrying cofactor that plays a crucial role
in various important biological processes, including the
TCA cycle and fatty acid metabolism. Also, the panto-
thenic acid phosphorylation product, 4-phosphopan-
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and Biochemistry tetheine, is required as a prosthetic group by the first
enzyme of the penicillin biosynthetic pathway (Baldwin etUniversity of California, Los Angeles
Los Angeles, CA 90095 al., 1991). The title enzyme, ketopantoate hydroxymethyl-
transferase (KPHMT; N5, N10-methylene tetrahydrofolate:2 Bioscience Division
Mail Stop M888 -ketoisovalerate hydroxymethyltransferase; 3-methyl-
2-oxobutanoate hydroxymethyltransferase; EC 2.1.2.11),Los Alamos National Laboratory
Los Alamos, New Mexico 87545 catalyzes the first committed step of the pantothenic
acid biosynthetic pathway (Powers and Snell, 1976,
1979; Teller et al., 1976).
The folate cofactor participates in single-carbon
transfer reactions in various biosynthetic pathwaysSummary
leading to serine, methionine, purines, and so on. The
biologically active forms of the folate cofactor vary withKetopantoate hydroxymethyltransferase (KPHMT) cata-
respect to structure and oxidation state, including N10-lyzes the first committed step in the biosynthesis of
formyl, N5, N10-methylene, N5-methyl, etc. KPHMT usespantothenate, which is a precursor to coenzyme A
the N5, N10-methylene tetrahydrofolate (MTHF) form ofand is required for penicillin biosynthesis. The crystal
the cofactor. KPHMT catalyzes the conversion ofstructure of KPHMT from Mycobacterium tuberculosis
-ketoisovalerate to ketopantoate (Figure 1) and MTHFwas determined by the single anomalous substitution
to tetrahydrofolate (THF) in the presence of a metal ion(SAS) method at 2.8 A˚ resolution. KPHMT adopts a
cofactor (Powers and Snell, 1976). The ketoisovaleratestructure that is a variation on the (/) barrel fold,
substrate is derived from intermediates in the branchedwith a metal binding site proximal to the presumed
chain amino acid biosynthetic pathways. Earlier studiescatalytic site. The protein forms a decameric complex,
have established the biochemical and kinetic propertieswith subunits in opposing pentameric rings held to-
of KPHMT in solution (Jones et al., 1993; Kurtov et al.,gether by a swapping of their C-terminal  helices.
1999; Powers and Snell, 1976, 1979; Teller et al., 1976;The structure reveals KPHMT’s membership in a small,
Sugantino et al., 2003). KPHMT was reported to be activerecently discovered group of (/) barrel enzymes that
in the presence of divalent magnesium ions as well asemploy domain swapping to form a variety of oligo-
some first-transition series metal ions (Powers and Snell,meric assemblies. The apparent conservation of cer-
1976). Gel filtration, electron microscopy, and sedimen-tain detailed structural characteristics suggests that
tation equilibrium studies have suggested the presenceKPHMT is distantly related by divergent evolution to
of tetrameric (MTB; Sugantino et al., 2003), octamericenzymes in unrelated pathways, including isocitrate
(Aspergillus nidulans; Kurtov et al., 1999), hexameric,lyase and phosphoenolpyruvate mutase.
and decameric (E. coli; Powers and Snell, 1976; Jones
et al., 1993) assemblies for orthologs of KPHMT from
Introduction various organisms. Sequence studies show two highly
conserved, short-sequence motifs, LVGDS and GIGAG,
Mycobacterium tuberculosis (MTB) is a notorious patho- in alignments of KPHMT orthologs from prokaryotes and
gen. Its increasing resistance to antibiotics and its eukaryotes (Kurtov et al., 1999). However, KPHMT did
heightened lethality in combination with AIDS make it a not show clear sequence similarity to any other protein
major health concern worldwide. An understanding of whose structure has been reported.
the structure of MTB enzymes, especially in biosynthetic The first committed step of a biosynthetic pathway is
pathways, could contribute to the design of new inhibi- often regulated at either the level of protein expression
tor-based antibiotics. Pantothenic acid (vitamin B5), a or the level of enzymatic activity, or both. Feedback
metabolic precursor for coenzyme A and penicillin bio- inhibition by end products is a typical regulatory mecha-
synthesis, is synthesized by four enzymes in prokary- nism utilized by enzymes to control metabolic flux.
otes and fungi (Brown and Williamson, 1982). This short KPHMT exhibits end-product inhibition by pantothenic
pathway in MTB and other pathogens is absent in higher acid, ketopantoate, and coenzyme A, thus helping to
mammals, which makes it a suitable target for inhibitor maintain the total pool of pantothenate and coenzyme
design. A recent report showed that a pantothenate A in the cell (Powers and Snell, 1976; Rubio and Downs,
auxotroph of MTB is attenuated in mice and confers 2002).
protection from further infection (Sambandamurthy et Here, we report the crystal structure of KPHMT at a
al., 2002). resolution of 2.8 A˚, solved by SAS methods with data
collected at the CuK wavelength. This structure was
determined as a part of the MTB structural genomics*Correspondence: yeates@mbi.ucla.edu
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Figure 1. The Reaction Catalyzed by KPHMT
A magnesium ion is known to be used as a cofactor in the reaction.
initiative (Goulding et al., 2002). The structure reveals small segment composed of two helical turns (numbered
h2) is inserted between the 2 strand and the 2-2several special features, such as domain swapping and
a metal binding site, that occur as elaborations on the loop (Figure 3A). The N terminus of the h2 helix is in 310-
helical conformation, and the C terminus is  helical.classical (/) barrel. It also provides the first view of
this enzyme’s active site, which may facilitate the design The structure presented here is nearly complete, except
for two segments: the first 17 residues and the loopof antifolate inhibitors of TB.
between 5 and 5 (14 residues, 161–174). These re-
gions lacked electron density and were not modeled.Result and Discussion
Also, the last two residues and the C-terminal His-
tagged extension were not visible in the map.Overall Structure
The overall fold of KPHMT is a modified form of the well-
known (/) barrel fold (Figures 2 and 3A). Secondary Quaternary Structure
The crystal structure reveals that the biological form ofstructure elements were assigned automatically with
DSSP (Kabsch and Sander, 1983). The eight parallel  the enzyme is a decameric assembly with D5 point group
symmetry, appearing as two pentameric rings of sub-strands that form the closed  barrel are numbered
1–8. Of the eight  helices expected to form the outer units stacked together (Figures 3B and 3C). This obser-
vation is consistent with the molecular weights that hadrim of the barrel, only six are present (numbered 1–6).
The seventh  helix is replaced by a coil (designated as been estimated for the MTB enzyme in solution from
preliminary sedimentation velocity and sedimentationcoil7). Then, following the  strand at the eighth position,
the 8″ helix (numbered to keep the common numbering equilibrium data (data not shown). The asymmetric unit
of the crystal contains one pentamer whose subunitsscheme of [/] barrels) protrudes out to interact with an
adjacent subunit. As a further variation, the N terminus of are related by noncrystallographic symmetry (NCS). The
two rings in the decamer are related by 2-fold (dyad)the protein has an additional helix, numbered 0,
stacked upon the N-terminal face of the barrel (i.e., the axes of symmetry, one of which is a crystallographic
symmetry element of the P3221 space group. The root-end occupied by the N termini of the  strands). Also, a
Figure 2. The C Trace of a KPHMT
Monomer
Every 25th residue is labeled.
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mean-square deviation (rmsd) between pairs of mole- tate and glutamate residues (Asp62 and Glu133). Asp62
belongs to the highly invariant LVGDS sequence motifcules related by the 5-fold NCS is between 0.05 and
0.03 A˚ in the final model for all superimposed C atoms. of the aligned KPHMTs and is situated at the N terminus
of the h2 helix (Figure 5A). Two out of the four equatorialThe double ring assembly is roughly 75 A˚ high and 100 A˚
in diameter, with a central hole, roughly 15 A˚ in diameter ligands are water molecules that form bridging interac-
tions with conserved Asp101 and Tyr107 side chains.at its narrowest point. Each individual (/) barrel is
oriented in the decameric assembly in such a way that The conserved Lys131 and Ser63 (of the LVGDS motif)
and an apparent Glu-His dyad (Glu199 and His155) arethe axis defining the central barrel is inclined at an angle
of approximately 70 to the 5-fold NCS axis. The top of proximal to the metal center. The carboxylate group of
Glu133 is stacked with the imidazole ring of His155,the barrel, defined by the C termini of the parallel 
strands, faces roughly toward the N-terminal end of the where it appears to make a charge- cloud interaction.
The N2 atom of His155 interacts with the carboxylatebarrel (and the 0 helix) belonging to the adjacent sub-
unit in the pentameric ring. The buried surface area be- group of Glu199, and the N1 atom of His155 is within
hydrogen bonding distance of the N atom of Lys131tween subunits was calculated with the program NAC-
CESS (Hubbard and Thornton, 1993) as the loss of (Figure 5A). These residues could play important roles
in catalysis.surface area accessible to a 1.4 A˚ probe upon oligomer-
ization. For the pentameric ring, this value is 700 A˚2 per Many (/) barrel enzymes are reported to have a long
C-terminal loop at the top of the barrel, acting as amonomer per interface. The buried area between dyad-
related subunits in opposite rings is 2900 A˚2 per mono- functionally important, flexible lid to the active site
(Franco et al., 2001; Willmanns et al., 1990). Consistentmer (23% of the total subunit surface area). In the
latter interface, much of the interaction is derived from with this pattern, the5-5 loop is disordered in KPHMT,
while it contains a number of conserved residues.an exchange (i.e., swapping) of terminal  helices be-
tween subunits related by a 2-fold axis of symmetry
(Figure 3D). The dimer interface in KPHMT is extensive Interactions at the Dyad and 5-Fold-Related
Subunit Interfacesand predominantly nonpolar.
A mapping of conserved residues onto the three-dimen-
sional structure shows a clustering at the catalytic faceDomain Swapping in KPHMT
(discussed above) and also at the subunit interface in-The most striking variation from the classical (/) barrel
volved in domain swapping. A closer scrutiny of thearises from domain swapping at the C-terminal region
domain-swapped interface reveals that the interface isof the protein (Figure 3D). The electron density maps
quite hydrophobic in nature. A conserved, propeller-(e.g., NCS-averaged omit maps) made it clear that the
shaped clustering of aromatic groups (Phe274 and
8″ helix is swapped between two dyad-related mono-
Tyr265 from one subunit and Tyr251 from its dyad-mers from different pentameric rings (Figure 4). This 8″
related subunit) at the C-terminal end of the swappedhelix, instead of folding back to occupy the last position
8 helix is noteworthy (Figure 3D). The C-terminal endin its own barrel, protrudes into the dyad-related subunit
of the 8″ helix is capped by glycine residues, afterin the other pentameric ring and covers the exposed
which the chain takes a sharp turn toward the catalytichydrophobic part of that barrel. The orientation of this
face of the dyad-related subunit. A conserved cis-pro-long helix is not exactly identical to the one that would
line (Pro275) in this segment may help to maintain thenormally constitute the eighth helix in a classical (/)
chain direction by virtue of its restricted psi angle. Onebarrel. It is more tilted and longer by about two extra
of the most highly conserved sequence motifs in theturns than the 1–6 helices. The two swapped 8″
family, GIGAG, is situated in the 7 strand and coil7helices from the dyad-related subunits contact each
region (219–223). The GAG motif is spatially close toother as they run in nearly antiparallel directions.
the C-terminal end of the swapped 8″ helix from the
adjacent subunit (Figure 3D). The degree of conservation
Description of the Active Site in the interface formed by swapping suggests that do-
The (/) barrels typically have an active site at the top main swapping probably also occurs in other members
of the barrel (Branden, 1991), KPHMT being no excep- of this enzyme family.
tion. In KPHMT, the active site region is identified by Extensive contact is made between two dyad-related
the clustering, at the top of the barrel, of residues that subunits with their 1, 2, and h2 helices and their 1-
are conserved across the enzyme family (Figure 3A). 1 and 2-2 loops. The carbonyl oxygens at the C
The active site region lies at the bottom of a deep cleft terminus of the h2 helix cap the N terminus of the 1
formed at the interface between subunits of the penta- helix of the dyad-related subunit, forming intersubunit,
meric ring. However, the N terminus and the 5-5 loop main chain hydrogen bonds to peptide nitrogens in the
(which are missing from the current model) would likely 1 helix (Figure 3D). The favorable arrangement of the
modify the apparent shape of this cleft. dipoles of the two helices might contribute to their stabil-
KPHMT requires a divalent metal ion as a cofactor. ity. The N-terminal end of the h2 helix houses the LVGDS
The structure was determined from crystals grown in (59–63) conserved sequence motif, with the Asp62 side
the presence of magnesium formate. A magnesium ion chain coordinating the metal ion.
was found in one end of the active site in an incomplete The interface between adjacent subunits in the pen-
and distorted octahedral coordination, with two equato- tameric ring is not very extensive. However, the missing
rial ligands missing from the coordination sphere (Figure N terminus and 5-5 segment would probably contrib-
ute to this interface.5A). The two axial ligands present are conserved aspar-
Structure
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Figure 4. An NCS-Averaged Omit Map Showing the Unambiguous Connectivity of the Domain-Swapping Loop Joining the 8 Strand and the
8″ Helix
Domain Swapping in (/) Barrels as a Recently cases, such as in KPHMT and DDGA, the swapped seg-
ment essentially constitutes the eighth helix, while inIdentified Means of Oligomerization
Domain swapping has been observed in many oligo- others (such as PEPM and ICL) the swapped region is
comprised of more-elaborate helical extensions. Amongmeric proteins and enzymes (for a recent review, see
Liu and Eisenberg, 2002). At least four other structures the four enzymes (DDGA, KPHMT, PEPM, and ICL) that
display simple (order 2) swapping, all four also containhave been reported in recent years in which the subunits
of an oligomeric (/) barrel enzyme are held together by a common 0 helix stacked at the bottom of the barrel.
In domain swapping, a segment from one subunitdomain swapping. The crystal structure of 2-dehydro-3-
deoxy-galactarate aldolase (DDGA; Protein Data Bank effectively displaces the corresponding segment from
a neighboring subunit. As illustrated by the (/) barrelcode 1dxf; Izard and Blackwell, 2000) showed a hexa-
meric complex with D3 point group symmetry formed by examples (Figures 3D and 6A–6D), cases of domain
swapping most often involve an interaction across athree domain-swapped dimers (Figure 6A). The struc-
ture of phosphoenolpyruvate mutase (PEPM; Protein 2-fold axis of symmetry, as passage of the protein chain
near a dyad axis presents a natural opportunity for theData Bank code 1pym; Huang et al., 1999; Figure 6B)
showed a tetramer with D2 symmetry, with domain swap- chain to take the alternate route into the other subunit
(e.g., via minor torsional rotation about main chainping between dyad-related subunits. Isocitrate lyase
(ICL; Protein Data Bank codes 1dqu and 1f8i; Britton et bonds). Achieving domain swapping with a higher-order
(i.e., higher than 2-fold) interaction seems to be some-al., 2000; Sharma et al., 2000; Figure 6C) also utilizes
domain swapping between dyad-related subunits to what more problematic because a longer loop is gener-
ally required. One case of domain swapping in a trimerform a tetramer. The crystal structure of fructose
6-phosphate aldolase (F6PA; Protein Data Bank code (i.e., of order 3) has been demonstrated under laboratory
conditions (Liu et al., 2002). F6PA provides an excellent1l6w; Thorell et al., 2002; Figure 6D) presents a particu-
larly interesting case. It uses circularly coordinated helix example of natural domain swapping of order 5 (involv-
ing a proper 5-fold rotation axis). Especially in situationsswapping between subunits related by 5-fold symmetry
in a pentameric ring. Like KPHMT, the entire F6PA oligo- where the domain exchange is higher than order 2, it
may not be clear whether the protrusion of one subunitmer is a decamer with D5 symmetry, but the subunit
organization and mode of domain swapping (of order into another should properly be called domain swap-
ping, as this implies that, under some conditions (or at5) is entirely different from that in KPHMT. Unlike in
KPHMT, in F6PA, the active sites of each subunit face some earlier point in evolution), the protruding segment
could have instead formed equivalent interactions withintoward each other at the middle of the two rings. In
all cases of domain swapping in (/) barrel enzymes its own subunit. With F6PA, the structure of a closely
related protein, transaldolase (Jia et al., 1996), makes itexamined here, the C-terminal protein segments follow-
ing  strand 8 are involved in the exchange. In some clear that F6PA is a case of true domain swapping.
Figure 3. The Crystal Structure of KPHMT
(A) A ribbon diagram of KPHMT (gold) shown in stereo. The catalytic metal ion is shown in purple. A few conserved residues are shown in
ball and stick representation. The two conserved sequence motifs LVGDS and GIGAG are shown in gray and blue, respectively. The h2 helix
(whose N terminus is the LVGDS motif) is also shown in gray.
(B) The KPHMT decamer as viewed approximately down the 5-fold symmetry axis.
(C) The KPHMT decamer as viewed perpendicular to the view in (B).
(D) The domain-swapped dimer viewed approximately down the crystallographic 2-fold axis, with separate subunits colored green and gold.
The h2 helix (gray) and 1 helix (cyan) are shown to pack in almost head to tail fashion. The GIGAG motif is shown in blue. A conserved
cluster of aromatic residues at the subunit interface is also shown.
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Figure 5. A Comparison of the Metal Coordination Sites in KPHMT, PEPM, and ICL
(A) KPHMT active site residues that are coordinated by a metal ion.
(B) The PEPM active site with oxalate bound (Protein Data Bank code 1pym).
(C) The ICL active site with glyoxylate bound (Protein Data Bank code 1f8i). The two metal ion-coordinating residues (Asp101 and Glu133)
and the h2 helix in KPHMT have corresponding counterparts in PEPM and ICL. In all panels, the oxygen and nitrogen atoms are shown as
gray and black spheres, respectively, with the magnesium ion shown as the larger black sphere. Hydrogen bonds are shown as dashed lines.
Note that the N terminus of the h2 helix is in 310 conformation in KPHMT, whereas it is  helical in PEPM and ICL.
Transaldolase is not domain swapped. In transaldolase The observation that several (/) barrels use domain
swapping to form different kinds of oligomers is intrigu-a very long loop makes it possible for the terminal seg-
ment, which protrudes in the case of F6PA, to fold back ing from an evolutionary point of view. Domain swapping
has been proposed to be an efficient mechanism for theinstead and make essentially equivalent interactions
within the same protein subunit. evolution of oligomeric proteins from monomeric ones
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(Bennett et al., 1995). By making use of geometric varia- In the same way that KPHMT, PEPM, and ICL are
seen to have very similar domain swapping, the threetions, terminal helix swapping is exploited by several
(/) barrel enzymes (above) in order to evolve a variety enzymes also show a high degree of structural similarity
in their metal binding active sites, with ICL and PEPMof oligomeric assembly types. The orientation of the
individual active sites within the whole assembly is dif- being especially similar (Britton et al., 2000). The high
level of similarity between the active sites of PEPM andferent in the varied cases, which seems to allow for fine-
tuning of specific properties. An alignment of a single ICL has been discussed before, along with a comparison
to that of enolases. Enolases, together with muconatesubunit from each of the proteins that show 2-fold do-
main swapping (Figure 6E) illustrates that the protruding lactonizing enzyme (MLE) and mandelate racemase
(MR), among others, are classified in the “mechanisti-helical segment is oriented differently in DDGA than in
PEPM, ICL, and KPHMT (Figure 6F). In fact, a search cally diverse enolase superfamily” on the basis of a
common partial reaction involving an enolic intermedi-with the program DALI (Holm and Sander, 1993) with
the KPHMT monomer as a probe returns PEPM (1pym; ate (Gerlt and Babbitt, 1998). A metal-dependent strat-
egy to stabilize negatively charged transition states is2.9 A˚ for 207 out of 291 C atoms aligned) and ICL
(1dqu; 3.2 A˚ for 212 out of 513 C atoms aligned) as the a common theme that extends to ICL, PEPM, and, now,
to KPHMT. Interestingly, a recent biochemical NMRtwo most similar structures with the highest Z scores.
The overall alignment of swapped 8″ helices is similar study on KPHMT from M. tuberculosis showed a metal-
dependent enolization of -ketoacids after the  hydro-in these three, while the similarity between the swapped
segment of PEPM and ICL extends even further (Britton gen abstraction (Sugantino et al., 2003). One invariant
residue that is in a conserved location among severalet al., 2000). An alignment of entire dimers can be made
between KPHMT and PEPM, between KPHMT and ICL, such enzymes is an aspartate at the end of strand 3
(Asp101 in KPHMT, Asp85 in PEPM, Asp168 in ICL,and between PEPM and ICL with an rmsd on C atoms
of 2.4 A˚ (265 atoms aligned), 2.2 A˚ (224 atoms aligned), Asp195 in MR, Asp198 in MLE, Asp246 in enolase,
Asp238 in methylaspartate ammonia lyase [Levy et al.,and 1.9 A˚ (477 atoms aligned), respectively (Figure 6G).
The highly similar geometry of domain swapping and 2002], and Asp112 in pyruvate kinase [Larsen et al.,
1998]), which plays a role in metal coordination. Anotherdimerization of KPHMT compared with PEPM and ICL
is surprising and could not have been anticipated from semiconserved metal-coordinating position is in the ad-
jacent 4 strand (Asp133 in KPHMT, Glu114 in PEPM,sequence comparisons, which show overall sequence
identities in the range of 10%–15%. The superimposabil- and Glu197 in ICL; Figures 5A–5C). These similarities
between diverse enzymes from wide-ranging biologicality of the dimeric assemblies reflects the observation
that the same parts of the protein surfaces are used to pathways are quite remarkable.
One of the most interesting aspects of the active siteform the oligomer interface in all three of these proteins.
Interestingly, the direct main chain hydrogen bonds be- is the conserved location of a short helical segment
after the 2 strand (h2 helix) in KPHMT, PEPM, and ICLtween the opposing termini of h2 and 1 helices is ob-
served in both KPHMT and PEPM, although the details (Figures 5A–5C). The N-terminal end of this h2 helix is
close to the metal binding site in all three cases, althoughare different. In ICL, however, the two helices are more
inclined to each other and do not make any direct back- the precise position of the metal ion varies. On the basis
of the substrate- or analog-bound forms of PEPM andbone hydrogen bonds. The polypeptide chain of ICL has
additional regions of insertion that do not have counter- ICL, it is proposed that this helix, along with the metal
ion, helps to stabilize the negatively charged transitionparts in either PEPM or KPHMT.
state by hydrogen bonding with main chain amide nitro-
gens (an oxyanion hole; Figures 5B and 5C). Though
Comparison of the KPHMT Metal Binding Site different in detail, this interaction is reminiscent of that
with that of Other (/) Barrels observed in pyruvate kinase and DDG (Izard and Black-
(/) (or TIM) barrels are found in 21 homologous super- well, 2000; Larsen et al., 1998), where the N terminus
families (which include 76 different sequence families of a short helical segment (inserted after 6) forms an
in the CATH database; Orengo et al., 1997), including oxyanion hole for the substrate near a Mg2	 ion. In
isomerases, oxidoreductases, transferases, hydrolases, KPHMT, we hypothesize that the metal ion and the N
and other functional types (Hocker et al., 2001; Nagano terminus of helix h2 would stabilize the substrate atoms
et al., 2002). The highly adaptive active site at the top in like fashion. If there are further mechanistic similarities
of the barrel has evolved to catalyze diverse chemical between KPHMT and other characterized enzymes, be-
reactions and to accommodate different cofactors, such yond this substrate binding mode, they are yet to be
as tetrahydrofolate, ATP, NADP, and flavin compounds. seen.
A few features recur among some of the otherwise di-
verse (/) barrel enzymes. For example, a common
phosphate binding motif is often found in those enzymes Evolutionary Relationship of KPHMT to Other
(/) Barrel Enzymesthat bind phosphorylated substrates. In those that bind
metals, somewhat more variable binding sites may be A wealth of literature exists debating the role of conver-
gent versus divergent evolution in the origin of the fre-found (Nagano et al., 2002). Glutamate or aspartate resi-
dues are utilized to bind Mg2	 or Mn2	 in octahedral quently occurring and functionally diverse (/) barrel
protein fold (Branden, 1991; Farber and Petsko, 1990;coordination by several of these. However, the loops
and strands contributing the side chains for metal coor- Nagano et al., 2002; Wilmanns et al., 1991). Because of
its simplicity and repetitive nature, it has been argueddination are not necessarily conserved.
Structure
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that the (/) barrel fold probably evolved multiple times ment of residues at the top of the barrel, which coordi-
nate a magnesium ion poised to bind the substrate. Onduring evolution. On the other hand, it is almost certainly
the basis of the high level of detailed structural similarity,the case that many of the (/) barrel enzymes have
we propose that these enzymes have evolved from aevolved from a common ancestor but have simply di-
common ancestor, despite the lack of any appreciableverged too far to be recognizably similar at the sequence
sequence similarity.level. The present structure of KPHMT illustrates this
latter point. The structure of KPHMT reveals a number
Experimental Proceduresof special features and elaborations on the (/) barrel
architecture that are strikingly similar, even in detail, to Cloning, Protein Expression, and Purification
those seen in the enzymes PEPM and ICL. For one The gene coding for KPHMT was cloned from a TB COSMID library
by touchdown PCR with the 5 Nde-1 primer 5-AGATATACATATGTexample, they share the extra 0 helix in common. But
CTGAGCAGACTATCTATGGGGCC-3 and the 3 BamH-1 primertwo other features are especially compelling. The three
5-AATTCGGATCCGAAACTGTGTTCGTCAGCGGGGAA-3 with Pfuproteins all have somewhat similar metal ion coordina-
proofreading DNA polymerase (Stratagene). The PCR amplicon was
tion sites, poised to bind the substrate atoms. Finally, digested with Nde1 and BamH1 restriction endonucleases (NEB),
they all show domain swapping with a very similar geom- cleaned with the Qiaquick PCR spin column (Qiagen), ligated into
etry, which gives rise to nearly superimposable dimeric a modified pET-28 vector containing a C-terminal His6 tag, in-frame
with the BamH1 restriction site with T4 DNA ligase (NEB), and trans-subassemblies with a preserved hydrophobic subunit
formed into BL21(DE3). The expressed protein contained theinterface. These various specific and unanticipated
C-terminal tag GSHHHHHH, where GS is encoded by the BamH1structural similarities between KPHMT, PEPM, and ICL restriction site (GGATCC). BL21(DE3) 3 ml cell cultures were tested
argue strongly that these members of the (/) fold fam- for the expression of heterologous protein by binding on a cobalt-
ily arose by divergent evolution from a common ances- chelated Talon Superflow bead slurry (Clontech) and SDS-PAGE
analysis.tor. Establishment of any further relationships between
A 5 ml overnight culture was started at 37C in EZMix LB brothKPHMT and the enolase superfamily of enzymes would
medium (Sigma) containing 30 mg/ml kanamycin. This seed culturerequire identification of the catalytic residues and eluci-
was transferred to a 0.5 l EZMix Terrific broth medium (Sigma),
dation of the reaction mechanism catalyzed by KPHMT. and the expression was induced with 0.5 mM IPTG at an OD600 of
approximately 0.5. The growth was continued at 20C for approxi-
mately 21 hr until the OD600 reached approximately 15 (as inferredBiological Implications
from dilutions). The cells were harvested and stored at 
80C.Ketopantoate hydroxymethyltransferase (KPHMT) cata-
The cell pellet was lysed by sonication in 10 ml of binding buffer
lyzes the first committed step of the pantothenate bio- (20 mM Tris [pH 8.0] and 100 mM NaCl) per gram of cells for 10 min
synthetic pathway, the conversion of -ketoisovalerate in short bursts at 10C. The cell debris was removed by ultracentrifu-
to ketopantoate. Because the pantothenate pathway gation for 30 min at 38,000 rpm with a Ti 60 rotor (Beckman). The
supernatant was filtered with a 0.2 mm pore membrane and loadeddoes not exist in higher animals, it is reasoned that
on a 5 ml Talon Superflow affinity column equilibrated with bindinginhibitors of KPHMT could be designed without the risk
buffer. After washing with 50 ml binding buffer, the protein was
of disrupting the activities of any human homolog. eluted with 30 ml of elution buffer (20 mM Tris [pH 8.0], 100 mM
Hence, KPHMT was selected as a prospective drug tar- NaCl, and 300 mM imidazole). The elutant was dialyzed against
get. The crystal structure of ketopantoate hydroxy- dialysis buffer (20 mM Tris [pH 8.0], 100 mM NaCl, and 10 mM
-mercaptoethanol) and purified by gel filtration on a Superdex-75methyl transferase, KPHMT, from the human pathogen
column (Amersham Pharmacia Biotech). The peak fractions (moni-Mycobacterium tuberculosis is reported here. The struc-
tored at OD280) were analyzed by SDS-PAGE, and the pooled proteinture provides a first view of the metal binding and cata- fractions were concentrated using a Centriprep YM-3 (Millipore).
lytic sites and a potential future opportunity for struc-
ture-based drug design. Crystallization
KPHMT was crystallized (at a concentration of 7 mg/ml) with 200The structure of KPHMT reveals a decameric assem-
mM magnesium formate and 10% ethylene glycol as the motherbly with two pentameric rings held together by domain
liquor by the hanging drop vapor diffusion method. Crystals wereswapping of terminal helices from dyad-related sub-
grown to a size of 0.1 mm in 2 to 3 days. Crystals were removed
units. This decameric organization is a new addition to a from mother liquor and soaked in 25% ethylene glycol as a cryopro-
small subset of (/) barrel enzymes that utilize terminal tectant for 2 to 5 min prior to data collection. A gadolinium derivative
crystal was prepared by transferring the native crystal from motherhelix swapping to form different multimeric states.
liquor to 25% ethylene glycol and 25 mM Gd-HPDO3A complexKPHMT shows unexpected structural similarities to
(Girard et al., 2002), and allowing it to soak overnight.two other (/) enzymes from unrelated pathways, phos-
phoenol pyruvate mutase and isocitrate lyase. These Data Collection
three enzymes share a similar domain-swapped dimeric All data were collected at home on an R-AXIS IV		 imaging plate
system mounted on a Rigaku FR-D rotating anode. Data were pro-substructure. They also share an analogous arrange-
Figure 6. Examples of Other (/) Barrel Structures Exhibiting Domain Swapping
(A) The domain-swapped dimer of 2-dehydro-3-deoxy-galactarate aldolase (DDGA; Protein Data Bank code 1dxf).
(B) The domain-swapped dimer of phosphoenolpyruvate mutase (PEPM; Protein Data Bank code 1pym).
(C) The domain-swapped dimer of isocitrate lyase (ICL; Protein Data Bank code 1dqu); residues 2–69 and 249–375 are omitted for clarity.
(D) The domain-swapped pentamer of fructose-6-phosphate aldolase (F6PA; Protein Data Bank code 1l6w).
(E) Superimposed monomers of KPHMT (purple), DDG (green), PEPM (red), and ICL (cyan). Note the similarity between KPHMT, PEPM, and
ICL and the dissimilarity of DDGA.
(F) Superposition of KPHMT and DDGA domain-swapped dimers (with aligned monomers), showing a dissimilar dimeric assembly.
(G) Superposition of KPHMT, ICL, and PEPM domain-swapped dimers, showing a conserved dimeric assembly.
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Table 1. Data Collection and Refinement Statistics
Data Collection
Native Gd Derivative
Space group P3221 P3221
Cell axes (A˚) 106.8, 106.8, 224. 4 106.9, 106.9, 222.21
Resolution range (A˚) (last shell) 50–2.8 (2.83–2.8) 50–3.3 (3.36–3.3)
Rmergea 0.107 (0.468) 0.130 (0.546)
Number of unique reflections 36,560 42,515
Multiplicity 4.2 (4.3) 6.4 (5.7)
Completeness (%) 97.8 (99.1) 99.7 (99.9)
Average I/ 8.5 (2.9) 12.6 (3.5)
Refinement Statistics (Protein Data Bank code 1oy0)
Number of reflections (F  0) 36,534
Resolution range (A˚) (last shell) 50–2.8 (2.85–2.80)
Number of atoms (Z  1) 9,249
Rfactorb (%) 0.239 (0.313)
Rfreeb (%) 0.275 (0.342)
Rmsd
Bond length (A˚)c 0.007
Bond angle ()c 1.2
Dihedral angle ()c 22.8
Improper torsion ()c 0.74
Average B (A˚2) protein 44.8
Average B (A˚2) protein main chain 41.8
Average B (A˚2) protein side chain 58.3
Average B water (A˚2)3 26.0
Numbers in parentheses are for the highest resolution shell.
a Rmerge  hI|Ih,i 
 Ih|/hI|Ih,I|.
bRfactor  ||Fobs|| 
 |Fcalc||/|Fobs|; Rfree is the same, calculated for a subset of reflections. |Fobs| and |Fcalc| are the observed and calculated
structure factor magnitudes.
cessed and scaled with DENZO and SCALEPACK of the HKL pack- have discernible sequence identity to any known structure in the
Protein Data Bank, the fitted secondary-structural elements ( heli-age (Otwinowski and Minor, 1997). Data statistics are provided in
Table 1. The inverse beam mode was employed for data collection ces and  strands) showed that the structure followed the common
(/) barrel fold. A high-resolution (1.45 A˚) TIM barrel structure fromwith an anomalous signal. The Laue symmetry was P3(bar)m. Sys-
tematic absences along the 3-fold axis indicated the presence of a the Protein Data Bank (1THF; Lang et al., 2000) was then down-
loaded and fitted into the map manually to expedite the building31 or 32 screw axis.
process. Rigid-body refinement was performed initially in CNS
(Bru¨nger et al., 1998) with the fitted polyalanine model with thePhasing and Density Modification
Initial phases were obtained by the single-wavelength anomalous 3.3 A˚ derivative data set and a native dataset. Hendrickson-Lattman
coefficients corresponding to the solvent-flattened maps (computedscattering (SAS) method with the anomalous signal from the lantha-
nide ion, Gd3	, at 1.5418 A˚ (Cu K). A highly redundant home data in RESOLVE; Terwilliger, 2002) were used as phase restraints in
refinement, with the MLHL target function in CNS (Bru¨nger et al.,set (Table 1) was collected with the inverse beam mode with a 0.5
oscillation angle. The SAS option of the SOLVE software package 1998). Phase combination with the polyalanine partial structure and
experimental phases with SIGMAA and DM from the CCP4 package(Terwilliger and Berendzen, 1999) was used to determine the heavy-
atom substructure. Because the LII absorption edge of Gd (f″  12 (CCP4, 1994) produced much better averaged maps at 2.8 A˚ resolu-
tion, showing the side chain features more clearly. An all-atom modele; 1.56 A˚) was close to the data collection wavelength, the data set
had substantial anomalous signal (3%, calculated on the basis of was built with the graphics program O. Initial refinement of KPHMT
was done with CNS with strict NCS constraint due to the relativelyf″). Five atoms of Gd were found by SOLVE, with a very high Z score,
29, and a figure of merit (FOM) of 0.42. The anomalous difference low resolution. A restrained NCS model was used in the final stages
of refinement, but a strong harmonic force constant for all atomsFourier maps were inspected manually for additional weak peaks,
but none were evident. Initial phasing information extended only to was imposed. Approximately 5% of the data set was withheld for
calculating Rfree (Bru¨nger, 1992). Positional refinements and high-4.5 A˚. Solvent flattening and histogram matching were performed
in DM (CCP4, 1994) with phase extension from 4.5 A˚ to 3.3 A˚. The temperature simulated annealing slow-cool runs were performed in
between visual rebuilding cycles. Engh and Huber (Engh and Huber,resulting solvent-flattened maps showed clear protein-like features
and apparent 5-fold noncrystallographic symmetry (NCS). A peak 1991) parameters were used for refinement. An overall atomic dis-
placement parameter (B factor) was used initially, and grouped Babove the 7  level was observed previously at the  72 section of
the self-rotation function (computed in GLRF [Tong and Rossmann, factors (one for main chain and one for side chain atoms in each
residue) were used in the final stages of the refinement. NCS-aver-1990] with 12–3 A˚ data). The molecular assembly showed D5 symme-
try, with one of the two folds of the molecular point group coinciding aged maps were used throughout for model building. Parts of the
model with weak electron density and insufficient hydrogen bondingwith the crystallographic 2-fold axis. Five-fold averaging with phase
extension to 2.8 A˚ produced more interpretable electron density information were built with the best-fitted substructure from the O
database and kept similar in all NCS-related molecules. The sidemaps.
chain rotamers were built from (and kept as close as possible to)
those described by Richardson (Lovell et al., 2000). A Mg	2 ion wasModel Building and Refinement
The NCS-averaged map was traced, and secondary structural ele- added in a location where the density and coordination supported
it, since Mg	2 was present in the crystallization solution. The magne-ments of KPHMT were fitted manually by visual inspection (with the
graphic program O [Jones et al., 1991]). Although KPHMT did not sium site was confirmed by collecting data on a crystal soaked in
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MnCl2 and calculating a difference Fourier map (to 4 A˚ Bragg spac- tures: patterns of nonbonded atomic interactions. Protein Sci. 2,
1511–1519.ing), which revealed Mn	2 in the site previously occupied by Mg	2
(data not shown). For positional refinement, the metal ion and the Engh, R.A., and Huber, R. (1991). Accurate bond and angle parame-
coordinated residues were refined with additional harmonic posi- ters for X-ray protein structure refinement. Acta Crystallogr. A 47,
tional restraints. Because of the limited resolution, very few water 392–400.
molecules were modeled. Water molecules were added in the differ-
Farber, G.K., and Petsko, G.A. (1990). The evolution of / barrelence density by hydrogen bonding and density-based criteria.
enzymes. Trends Biochem. Sci. 15, 228–234.
Franco, M.G., Laber, B., Hube, R., and Clausen, T. (2001). StructuralQuality Checks and Structure Analysis
basis for the function of pyridoxine 5-phosphate synthase. Struc-Ramachandran plot and geometry checks with CNS (Bru¨nger et al.,
ture 9, 245–253.1998), PROCHECK (Laskowski et al., 1993), WHATIF (Vriend and
Sander, 1993), and ERRAT (Colovos and Yeates, 1993) showed that Gerlt, J.A., and Babbitt, P.C. (1998). Mechanistically diverse enzyme
the model quality was excellent for a 2.8 A˚ structure, presumably superfamilies: the importance of chemistry in the evolution of cataly-
because of the power of NCS averaging. A total of 90.4% of the sis. Curr. Opin. Chem. Biol. 2, 607–612.
residues are in the most favored region (Laskowski et al., 1993)
Girard, E., Chantalat, L., Vicat, J., and Kahn, R. (2002). Gd-HPDO3A,
of the Ramachandran plot, and the remaining residues are in the
a complex to obtain high-phasing-power heavy-atom derivatives
additionally allowed region. Programs from the CCP4 suite (CCP4,
for SAD and MAD experiments: results with tetragonal hen egg-
1994) were used for computing various structural parameters. The
white lysozyme. Acta Crystallogr. D Biol. Crystallogr. 58, 1–9.
program LSQMAN (Kleywegt, 1996) and the LSQ option of O (Jones
Goulding, C.W., Apostol, M., Anderson, D.H., Gill, H.S., Smith, C.V.,et al., 1991) were used for structure alignment. The PYMOL (http://
Kuo, M.R., Yang, J.K., Waldo, G.S., Suh, S.W., Chauhan, R., et al.pymol.sourceforge.net/), MOLSCRIPT (Kraulis, 1991), and RAS-
(2002). The TB Structural Genomics Consortium: providing a struc-TER3D (Merritt and Bacon, 1997) programs were used for making
tural foundation for drug discovery. Curr. Drug Targets Infect. Dis-illustrations.
ord. 2, 121–141.
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